Introduction
Introduction of Haemophilus influenzae type b (Hib) polysaccharide-protein conjugate vaccines have dramatically reduced the burden of Hib invasive disease in the last 20 years [1] [2] [3] . Clinical trials demonstrated that conjugate vaccines have an efficacy of 90-100% in preventing Hib invasive disease [4, 5] . Furthermore, the vaccine has been highly effective, even in populations where coverage is not complete, due to its ability to reduce nasopharyngeal colonization in immu-nized individuals [6, 7] and induce herd immunity [8, 9] . In the United States (US) and most industrialized countries, Hib invasive disease has been virtually eliminated [1] [2] [3] . Whereas more than 10,000 cases of Hib invasive disease were reported annually in the US prior to introduction of conjugate vaccines, less than 100 cases are now reported each year [1] .
The priority for Hib invasive disease is to extend the benefits afforded by conjugate vaccines to developing countries [2] . Worldwide, in 2003, 61% of children in target age groups for immunization did not receive the conjugate vaccine [10] . Hib diseases remain the cause of an estimated 386,000 deaths yearly [11] . However, major progress has been made in South and Central Americas and the Caribbean where Hib conjugate vaccines were introduced in the late 1990s and are used in all but four countries [12] . Although several studies have reported the effectiveness of Hib immunization campaigns [13] [14] [15] [16] [17] [18] [19] [20] [21] , the long-term impact of these programs has not been evaluated in the region.
In Salvador, a city in Northeast Brazil, the Hib immunization program caused a 69% decrease in the Hib meningitis rate 1 year after its initiation in 1999 [21] . Moreover, we found that a serotype replacement phenomenon had occurred during the same period which led to a small but significant increase in the H. influenzae type a meningitis rate [21] . Population-based evidence for serotype replacement had not been reported in other settings in association with the use of Hib conjugate vaccines and may be a transient phenomenon dependent on the presence of circulating virulent non-type b clones. Here, we report findings from active surveillance in Salvador, Brazil conducted to evaluate the impact of the Hib immunization program 5 years after its initiation and determine whether the serotype replacement phenomenon initially described continued to persist.
Materials and methods

Surveillance
Active surveillance for H. influenzae meningitis was performed during the 8-year period from August 9, 1996 to August 8, 2004 in Metropolitan Salvador (population, 3,543,651 inhabitants [22] , which includes Salvador, the third largest city in Brazil, and 29 municipalities within a radius of 75 km. Patients were identified at the state infectious disease hospital where according to the state health secretary procedures, all suspected cases of meningitis for the region are referred for diagnostic procedures, including routine lumbar puncture and cerebrospinal fluid examination, and to implement isolation precaution protocols. A study team of physicians and medical students reviewed laboratory records 5 days a week to identify new culture isolations. A case was defined as a patient who had: (1) a clinical presentation of meningitis, characterized by fever, meningismus, and altered mental status; (2) an abnormal cerebrospinal fluid examination; and (3) positive cerebrospinal fluid or blood culture for H. influenzae. Reporting of H. influenzae meningitis is mandatory and is performed by the epidemiological surveillance staff at the study hospital. The study team reviewed case reports at the state health secretary and determined that cases identified at the surveillance hospital represent 98% of the cases notified from Metropolitan Salvador between 1996 and 2004 [23] . Patients were enrolled in the study according to informed consent procedures approved by the Institutional Review Boards of the Oswaldo Cruz Foundation, Brazilian Ministry of Health and the New York-Presbyterian Hospital.
Hib immunization program
Hib conjugate vaccine was introduced as part of routine childhood immunization on August 9, 1999. Children <12 months of age received a three-dose immunization schedule, performed at 2nd, 4th and 6th months of age. H. influenzae type b polyribosylribitol phosphate conjugated to tetanus toxoid protein (PRP-T) was used as the vaccine in all surveillance years except for the 1st year when the Hib polysaccharide conjugated to modified diphtheria toxoid CRM197 protein (HbOC) was used. The Hib conjugate vaccine was administered at the same time as the diphtheria-tetanus-whole cell pertussis (DTP) vaccine. In Metropolitan Salvador, 82, 77, 69, 86 and 82% of the target population completed a three-dose schedule in 2000, 2001, 2002, 2003 and 2004 , respectively [24] . During the 1st and 2nd year of the Hib immunization campaign, children with 12-23 months of age received a single dose of the vaccine. The coverage for the catch up immunization program was 37 and 24% in this age group in 1999 and 2000, respectively [24] .
Data collection
A standardized data entry form was used to extract information on demographic, clinical presentation and outcome characteristics from the patient's medical record. Neurological examinations and assessment of sequelae are routinely performed by physicians for patients with bacterial meningitis during hospitalization. Mothers of the patients were interviewed and immunization cards were reviewed to obtain information on the timing and number of Hib conjugate vaccine doses administered prior to hospitalisation.
Laboratory investigation
H. influenzae was identified based on Gram stain morphology and growth requirement for hemin and nicotinamide adenine dinucleotide. Prior to 1999, isolates were independently serotyped at two research laboratories in Brazil. The slide agglutination method was used to determine serotype with a complete panel of type a to f-specific antisera (Difco Laboratories) and a saline control. A semi-nested polymerase chain reaction (PCR) method that amplifies serotype-specific and non-specific DNA sequences from the H. influenzae capsular loci [25] was used to confirm the serotype status for non-type b isolates and those with discordant serotype results. Beginning in 1999, isolates were routinely typed with serologic and PCR-based methods. Isolates were defined as non-capsulated if agglutination was not observed with the six type-specific antisera and if capsular loci sequences conserved among serotypes were not amplified in the PCR assay [25] . Pulsed-field gel electrophoresis (PFGE) was performed with SmaI-digested DNA of H. influenzae type a strains obtained during surveillance [21] . Identical and closely related PFGE typing patterns were defined according to the criteria of Tenover et al. [26] .
Statistical analysis
Epi-Info Version 6.04 software (Centers for Disease Control and Prevention, US) was used for data entry and statistical analysis. Incidence was calculated based on the number of cases from Metropolitan Salvador and population counts from the 2000 national census [22] . The incidence for culture-positive Neisseria meningitidis and Streptococcus pneumoniae meningitis was determined to evaluate changes in overall case ascertainment which may have occurred during the 8-year surveillance period. Pre and post-vaccine periods were defined as the 3-year interval between August 9, 1996 and August 8, 1999 and the 5-year interval between August 9, 1999 and August 8, 2004, respectively. The percent of change in the H. influenzae incidence and 95% confidence intervals were calculated for each of the post-vaccine years in comparison with the mean incidence during the pre-vaccine period to evaluate the effectiveness of the Hib immunization program. Cases were defined as eligible to receive the Hib conjugate vaccine if they were born after August 9, 1997. The number of vaccine doses received was determined based on immunizations that were administered more than 1 month prior to hospitalization with H. influenzae meningitis. The association between Hib conjugate vaccine use and acquisition of H. influenzae type a strains was evaluated by comparing the proportions of prior vaccine use among H. influenzae type a and non-type a cases identified during the post-vaccine period. The chi-square test or Fisher's exact test was performed to compare proportions. Differences were defined to be significant if the two-tailed P-value was <0.05.
Results
Surveillance
During the 8-year period between August 9, 1996 and August 8, 2004, active surveillance identified 522 H. influenzae meningitis cases. Among the identified cases, 356 (68.2%) were residents of Metropolitan Salvador, a region which has a primarily urban-based population and according to the national census in 2000, had 128,576 and 191,423 children less than 2 years and 2-4 years, respectively, of age. The majority of the H. influenzae meningitis cases were children less than 2 (321 cases, 61.5%) and 2-4 years (148 cases, 28.4%) of age. A higher proportion of cases were males than females (56.9% versus 43.1%, respectively). Among the 483 (92.5% of 522) cases for whom an isolate was stored and available for serotyping, 458 (94.8%), 19 (3.9%), 3 (0.6%), and 3 (0.6%) had H. influenzae type b, type a, type e and non-capsulated isolates, respectively ( Fig. 1 ).
Clinical outcome
Overall case fatality was 15.9% (83 of 522). There was no statistically significant difference between case fatality in the pre-vaccine and post-vaccine period (14.8% versus 19.5%, respectively, P > 0.05). Among survivors, 112 (25.5% of 439) had neurological sequelae on hospital discharge. The most frequent types of sequelae encountered were ataxia (50 cases, a Each surveillance year corresponds to the period between August 9th and August 8th. Surveillance years 1-3 (1996-1999) and 4-8 (1999-2004) are the periods prior to and after, respectively, the introduction of Hib conjugate vaccines in the national childhood immunization program.
b A total of 317 Hib meningitis cases were identified in Metropolitan Salvador during the 8-year surveillance period. c The total does not match with the sum because there was one patient older than 9 years of age.
11.4%), auditory deficit (21, 4.8%), motor deficit (20, 4.6%) and hydrocephalus (19, 4 .3%).
Population-based analyses
Of the 483 cases with serotype information, 331 (68.5%) were residents of Metropolitan Salvador. Hib was the cause of meningitis in 317 (95.8%) of the 331 cases. Annual incidence of Hib meningitis during the 3-year pre-vaccine period ranged from 2.18 to 2.65 cases per 100,000 population (mean incidence, 2.39 cases per 100,000 population) ( Table 1) . Children <1 year of age were the age group with the highest risk for Hib meningitis (mean incidence, 60.92 cases per 100,000 population) ( Table 1 and Fig. 2A ). Mean incidences of Hib meningitis among children <2 and <5 years was 48.01 and 25.42 cases per 100,000 population, respectively, during the pre-vaccine period.
Hib meningitis rates decreased sharply in the <2 years age groups in the first years of the Hib immunization campaign (Table 1 and Fig. 2A) . In children <1 year of age, Hib meningitis incidence decreased by 69.2 and 94.9%, respectively, 1 and 5 years after introduction of the Hib conjugate vaccines (Table 2) . Although children 2-4 years of age were not vaccinated during the 1st year (surveillance year 4) of the Hib immunization program, a reduction of 57.1 and 25.0% was observed in the Hib meningitis incidence for children in the 2 and 3-4 year age groups, respectively (Table 2 and Fig. 2A ). All children with <5 years of age were eligible to have received Hib immunization by the 5th year of Hib campaign (surveillance year 8). Hib meningitis incidence b Percent reduction and 95% confidence intervals were calculated by comparing the mean annual incidence of the pre-vaccine surveillance years 1-3 (August 9, 1996 to August 8, 1999) with the incidence of each of the post-vaccine surveillance years (4-8).
in this age group was 0.63 cases per 100,000 population in surveillance year 8 (Table 1) , which corresponded to a 97.5% reduction from the mean incidence during the pre-vaccine period (Table 2 and Fig. 2B ).
During the 3-year pre-vaccine period, 244 (57.5%), 85 (20.0%), 71 (16.7%) and 24 (5.7%) of the 424 bacterial meningitis cases among children <5 years of age were caused by H. influenzae type b, S. pneumoniae, N. meningitidis and other bacterial agents, respectively. In the 4th and 5th years after introduction of the Hib conjugate vaccine (surveillance years 7 and 8), 7 (10.6%%), 32 (48.5%), 9 (13.6%) and 18 (27.3%) of the 66 cases of bacterial meningitis in children <5 years of age were caused by H. influenzae type b, S. pneumoniae, N. meningitidis and other bacterial agents, respectively. There was a gradual decline (χ 2 test for trend, P < 0.05) in the incidence of pneumococcal meningitis in children <5 years of age from 9.38 to 4.69 cases per 100,000 population between the 1st and 8th surveillance years (Fig. 2B) . The incidence of meningococcal meningitis between the 1st and 6th surveillance years ranged from 6.88 to 7.81 cases per 100,000 population and then decreased sharply to 1.56 and 1.25 cases per 100,000 population in the 7th and 8th surveillance years, respectively (Fig. 2B) .
Hib meningitis in the Hib conjugate vaccine period
During the post-vaccine period, 55 Hib meningitis cases were eligible to receive a dose of Hib immunization prior to developing meningitis. Of these, 24% (13 of 55) cases were <6 months of age at the time of their hospitalization. Among the 29 (53% of 55) cases for whom information on immunization status was available, 14 (48%) and 11 (38%) received none or one conjugate vaccine dose, respectively, prior to hospitalization. A single (3.4% of 29) case of Hib meningitis occurred during the 5-year post-vaccine period among children who completed a three-dose schedule of Hib immunization.
Non-type b H. influenzae meningitis
Surveillance identified 25 cases of H. influenzae non-type b meningitis during the 8-year period (Fig. 1) . H. influenzae type a meningitis accounted for 19 (76%) cases of which 4 and 15 were identified in the pre and post-vaccine period, respectively (Fig. 1) . Geographical clustering was not observed among H. influenzae type a cases during the post-vaccine period. The incidence of H. influenzae type a meningitis in Metropolitan Salvador increased from 0.01 to 0.14 cases per 100,000 population in the 1st year after introduction of the Hib conjugate vaccine (P < 0.01). The largest increase, albeit not significant (0.00-1.56 cases per 100,000 population, P = 0.06), occurred in children <2 years of age. However, the increase in H. influenzae type a meningitis found in the 1st year after introduction of the Hib conjugate vaccine was not observed in the following 4 surveillance years, during which incidences were between 0.00 and 0.03 cases per 100,000 population.
PFGE analysis showed that the 19 type a strains were distributed among two different typing patterns, A and B, which contained 6 (32%) and 13 (68%) strains, respectively. The strains within each group were closely related (≤3 PFGE band difference). PFGE type A and B strains were isolated from cases identified prior to (A, 2 cases; B, 2 cases) and after (A, 4 cases; B, 11 cases) initiation of the Hib immunization campaign. Strains isolated from the 7 H. influenzae type a meningitis cases identified in the 2nd to 5th surveillance years in the post-vaccine period had the same PFGE types (A, 2 strains; B, 5 strains) as strains isolated in the 1st year following introduction of the Hib conjugate vaccine (A, 2 strains; B, 6 strains), the period when a significant increase in H. influenzae type a rates was identified.
A history for Hib immunization status was obtained from 39 (56%) of the 70 H. influenzae meningitis cases that belonged to a birth cohort that was eligible to receive the conjugate vaccine. Acquisition of H. influenzae type a strains was significantly associated (P < 0.01) with a history of receiving two or more doses of conjugate vaccine prior to developing meningitis. Among H. influenzae type a meningitis cases that were identified during the post-vaccine period and belonged to a birth cohort eligible for Hib immunization, 88% (7 of 8) received two or three Hib conjugate vaccine doses prior to hospitalization. In contrast, 16% (5 of 31) of the H. influenzae non-type a meningitis cases that belonged to a birth cohort eligible for Hib immunization received two or more vaccine doses.
Discussion
Introduction of Hib conjugate vaccines throughout South and Central America and the Caribbean in the late 1990s has been a major public health achievement. Several studies have reported the significant short-term impact of this initiative [13] [14] [15] [16] [17] [18] [19] [20] [21] . The findings of this study from a major Brazilian metropolitan center provides population-based evidence that incorporation of Hib conjugate vaccines in the national childhood immunization program has produced sustained long-term benefit in reducing Hib disease burden, leading towards virtual elimination of this problem for the region.
Five years after initiation of the Hib conjugate vaccine campaign, the Hib meningitis incidence declined by 98% among children <5 years of age in Metropolitan Salvador. We estimate that the use of Hib conjugate vaccines prevented 360 cases of meningitis and 58 deaths in this metropolitan center of 3.5 million inhabitants during the period. Furthermore, conjugate vaccines prevented the severe neurological sequelae encountered in more than 25% of the survivors of Hib meningitis during the pre-vaccine period. Since active surveillance was performed for meningitis and did not include other invasive diseases associated with H. influenzae, the overall benefit of the Hib conjugate vaccine campaign is underestimated. Of note, the Hib meningitis incidence decreased by 82% within the first 2 years of the campaign.
Overall vaccine coverage among the target population of children <1 years of age was 77-82% during this period. Incomplete coverage includes infants who did not receive any Hib immunization, possibly due to lack of access to health services, and those who received a vaccine dose but did not complete the three dose regimen. Information is not available to evaluate the contribution of each of these groups to the incomplete coverage in the study region. Nevertheless, the ability of the conjugate vaccine to confer herd immunity was presumably a factor in the rapid decline in incidence. In the first year of the campaign, the incidence of Hib meningitis decreased by 57.1 and 25% among children in the 2 and 3-4 year of age groups, respectively, which were not targeted for immunization. The sharp decline in Hib meningitis incidence may have also been attributable, as observed in other regions [27] [28] [29] , to the use of a single catch-up dose in infants between 12 and 23 months in the first 2 years of the campaign.
Active surveillance was performed during an 8-year period, in which changes in case ascertainment could have affected the accuracy of the estimate of Hib conjugate vaccine effectiveness. State and local protocols for the referral of suspected meningitis cases to the surveillance hospital did not change during the study period. Review of case notification records did not identify a shift of cases to other hospitals in the region [23] . Antibiotic use prior to hospitalization may have led to reduced culture isolation rates among patients with Hib meningitis and underestimation of the Hib disease burden during the surveillance period. We did not detect a change in the proportion of cases with culture-negative bacterial meningitis in surveys performed at the beginning and end of the surveillance period, which could have arisen due to changes in culture isolation procedures or use of antimicrobial agents prior to hospitalization. A decrease in the incidence for meningococcal and pneumococcal meningitis was observed among children with less than 5 years of age in the absence of any specific preventive intervention against these diseases. However, rates of meningococcal and pneumococcal meningitis did not follow a similar pattern of decrease; neither did they follow the pattern observed for Hib meningitis. Furthermore, the decrease in meningococcal and pneumococcal meningitis rates appears to be a phenomenon observed throughout Brazil since case notification data has shown a similar, albeit unexplained, trend, at the national level [30, 31] .
This study found that routine immunization with Hib conjugate vaccines produced a sustained reduction in Hib meningitis disease burden throughout the 5-year period after its introduction. In United Kingdom [32] and Netherlands [33] , an increase in Hib invasive diseases incidence was observed 7 and 9 years, respectively, after initiation of Hib immunization. Possible explanations for this increase have been proposed and relate to the decline in immunological memory due to an early and accelerated vaccine schedule [32, 34] , administration of Hib conjugate vaccine in combination with the acellular pertussis (DTaP) vaccine [32, 35] , and reduction in natural boosting due to low levels of carriage following vaccine introduction [36] . In Brazil, a three-dose schedule of Hib conjugate vaccine is administered in combination with the whole cell pertussis vaccine (DTwP). There was no increase in Hib meningitis rates identified among birth cohorts who were eligible to receive the conjugate vaccine (Table 1) , including the initial cohort of children who were born in the 1st year after introduction of the vaccine and followed for a 5-year period. A single documented case of Hib meningitis was identified among children who completed the three-dose schedule. The study findings do not at present suggest problems with the long-term effectiveness of the conjugate vaccine and immunization schedule used in Brazil and most countries in Latin America. However, the follow-up period has not been sufficient and will require several more years of surveillance to adequately address this issue.
Our prior study in Salvador, Brazil found that a serotype replacement phenomenon occurred after initiation of the Hib conjugate vaccine campaign. Identification of this phenomenon was based on the following evidence: (1) a small but significant increase in the H. influenzae type a meningitis incidence occurred during the 1-year period following the initiation of the Hib conjugate vaccine campaign; (2) cases of H. influenzae type a meningitis were due to two clonal groups that were circulating prior to the introduction of the Hib conjugate vaccine; and (3) prior immunization with two or more vaccine doses was associated with increased risk for H. influenzae type a meningitis and therefore appeared to provide a positive selective pressure for type a strains [21] . In this investigation, surveillance performed over an extended 5-year period found a similar association between prior immunization with the Hib conjugate vaccine and the risk for acquiring H. influenzae type a meningitis. However, increased rates of H. influenzae type a meningitis occurred only in the first year after introduction of the conjugate vaccine and were not observed in the following 4-year surveillance period, indicating that serotype replacement was a transient phenomenon. Transmission of H. influenzae type a meningitis was due to circulation of two clonal groups throughout the post-vaccine period. The decrease in H. influenzae type a meningitis rates after the 1st year following vaccine introduction presumably relate more to decreased transmission of these clonal groups than changes in the type of conjugate vaccine used or the selective pressure afforded by these vaccines.
Although serotype replacement is a well-recognized phenomenon in association with the use of pneumococcal conjugate vaccines [37] , it has not been an important consideration with respect to Hib conjugate vaccines. This may relate to the relatively low virulence of H. influenzae non-type b strains, which frequently produce nasopharyngeal colonization yet infrequently cause invasive disease. H. influenzae non-type b invasive disease has been increasingly reported in regions where the Hib conjugate vaccine has been used [38] [39] [40] [41] [42] [43] [44] . In addition, non-type b strains have been shown to cause outbreaks and clusters of invasive disease as seen with H. influenzae type a in Gambia [45] , Utah [46] and Alaska [47] . In some of these settings, H. influenzae type a isolates were found to produce increased amounts of capsule due to amplification of cap loci [48] and/or partial deletion in the IS1016-bexA region within duplicated cap loci [45, 46] . Moreover, non-type b isolates have limited genetic diversity, suggesting that increase in invasive disease incidence may be due to the emergence of virulent clones [38, 46, 47, 49] . The presence of circulating virulent non-type b strains may therefore be a necessary requirement, in addition to the selection pressure afforded by the use of Hib conjugate vaccines, to produce a serotype replacement phenomenon. The same H. influenzae type a clones that led to a serotype replacement phenomenon in Salvador have been isolated in other regions of Brazil [21] . Yet serotype replacement has been a transitory and local phenomenon, not documented outside of Salvador. Furthermore, serotype replacement has not been observed in populations, such as Navajo and White Mountain Apache communities [50] , where Hib immunization is routinely used and surveillance has identified the presence of circulating H. influenzae type a clones. Together these findings suggest that type a clones may not achieve sufficient levels of transmission to become a significant problem with the use of Hib conjugate vaccines.
In summary, this study found that within a 5-year period, incorporation of Hib conjugate vaccines in childhood immunization program has led to the near elimination of Hib meningitis in the third largest urban center in Brazil. Overall success of the campaign may be attributed to the high coverage of target populations and the absence of vaccine failure or sustained serotype replacement phenomenon. The benefits afforded by Hib conjugate vaccines, comparable to that which has been achieved in the industrialized world, is likely to be widespread throughout Brazil and other countries in Latin America where the same vaccine regimens are used and similar coverage rates have been attained. The achievements accomplished in Latin America make it ever more imperative to advance on-going initiatives [51] that aim to introduce conjugate vaccines in developing countries where Hib invasive disease continues to cause a major health burden.
